Sn/C anode materials were synthesized from SnO 2 particles with humics as carbon source for coating with a simple solid-phase-reduction strategy. XRD and SEM show that the materials consist of Sn and C, with Sn completely encapsulated by carbon. The carbon film can accommodate the volume expansion of Sn particles and considerably improve the electrical conductivity of the anode. The Sn/C anode materials have initial specific capacities of 1215 and 556 mAh·g −1 in the first discharge and charge (100 mA·g −1 ), respectively. The discharge capacity is 387 mAh·g −1 after 50 cycles (coulombic efficiency = 98.2%). Electrochemical impedance spectroscopy (EIS) indicates that the Sn/C prepared from humics as carbon source has markedly improved charge-transfer kinetics compared with Sn/C-s anode (having sucrose as carbon source). Humics can be considered as a highly advantageous carbon source for coatings to enhance the electrochemical performance of Sn-based anode for lithium-ion batteries.
INTRODUCTION
Lithium-ion batteries (LIBs) have become the leading power-storage tool since its introduction into commercial applications [1, 2] . The most common graphite anode offers a theoretical capacity of 372 mA g −1 , which is markedly lower than those of alloy-type anodes (Sn, Si, and Al) [3, 4, 5] . As one of the most promising anode materials, tin possesses a theoretical capacity of 992 mAh·g −1 (Li 4.4 Sn)
for lithium-ion insertion [5, 6, 7] . However, severe capacity fading occurs in Sn anode because of volume change in charging and discharging processes. Thus, the encapsulation of Sn anode materials with carbon is widely used to accommodate volume expansion and improve conductivity [7] [8] [9] [10] [11] [12] [13] [14] . Numerous carbon precursors, including matrix-resins, polymers, sucrose, graphite, and activated carbon, have been studied in these synthetic procedures [2] . Humics contain high carbon content and can be adsorbed on the surface of metals and materials [15, 16] . These materials can be obtained from soil, coal, lakes, rivers, and oceans. The earth contains an abundant reserve of humics. Humics are highly oxidized and contain numerous oxygenated groups around the edges of the graphene-like core [17] , exhibiting its potential as an electric material. The application of humics in materials for lithium-ion battery is of certain research value. However, the use of humics as carbon source to encapsulate and modify anode materials has been rarely reported to date. Here, we consider humics as a novel and green carbon source to coat Sn anodes. First, we prepared SnO 2 particles by simple hydrothermal method, then we used liquid-phase self-assembly method to coat humics on the particle surface. Finally, Sn/C composites were obtained by solid-state reduction. During calcination, humics was carbonized and SnO 2 was simultaneously reduced by carbon to Sn.
EXPERIMENTAL
Humics (humid acid) as carbon source was purchased from Tianjin Zhiyuan Reagent Co., Ltd., China. Original humic acid was further purified by repeat precipitation and redissolution with 0.1 M HCl and 0.1 M NaOH, respectively, before coating [18] . Typically, 10 g of humics was added into 100 mL of 0.1 M NaOH solution. The solution was stirred for 30 min at 60 °C in the water bath. Then, the supernatant was centrifuged and acidified with 1 M hydrochloric acid to a pH of 1.0. The precipitate was collected, and the process was repeated for three times. Purified humic acid was obtained by centrifugal washing of the final precipitate with distilled water for several times. To obtain suitable carbonization temperature, we studied the decomposition of humics through thermogravimetrydifferential scanning calorimetry (TG-DSC) technology. The thermal and mass changes of humics with temperature increase can be found from Fig. 1 . The carbonization of aromatic carbon mainly occurs when the temperature exceeds 641.1 °C. SnO 2 spheres were synthesized as reported [7] . Sn/C composites was synthesized as follows: typically, 0.4 g of purified humics was dissolved in appropriate amount of 0.5 mol·L −1 NaOH solution with stirring and heating mildly. Then, 0.3 g of SnO 2 was added to the solution. The solution was heated to evaporate water under stirring. Afterward, the solid was ground to fine power with agate mortar. Finally, the powder was calcined at 1000 °C for 2 h to be carbonized under N 2 atmosphere. The powder was washed by deionized water for several times to eliminate soluble salts. The product was obtained by drying in vacuum oven at 60 °C for 12 h. The concise experimental process is shown in Fig. 2 . For comparison, Sn/C-s (with sucrose as carbon source) was prepared under the same condition. The crystal structures of SnO 2 and Sn/C were characterized by X-ray diffraction (XRD), which were carried out by D8 Adance diffractometer with Cu Kα radiation (λ=1.5406 Å) at a scanning rate of 0.2·s −1 . The morphology of Sn/C was observed by scanning electron microscopy (SEM), conducting by TSM-7500F field-emission scanning electron microscopy. Sn/C was sputtered with platinum before being transferred into vacuum chamber. The mass ratio of elements Sn and C was obtained by energy dispersive X-ray spectroscopy (EDS). The distribution of Sn and C was distinguished by transmission electron microscopy (TEM) images, which were obtained from FEI TalosF 200S. TG-DSC experiments were performed on a Netzsch 449 C thermal analyzer at a heating rate of 5 °C min −1 from 20 °C to 1200 °C in N 2 . The electrochemical performance of the Sn/C sample was evaluated galvanostatically on CR2032 coin. The metallic lithium foil was used as counter electrode. Anodes were composed of prepared samples, acetylene black, and poly (vinylidene fluoride) at the ratio of 8:1:1 in weight. The electrolyte consisted of 1 M LiPF 6 dissolved in 1:1:1 ethylene carbonate/ethyl methyl carbonate/dimethyl carbonate. Porous polypropylene (Celgard 2500) was used as separator. Cells were assembled in an Ar-filled glove box, where contents of H 2 O and O 2 were both lower than 0.1 ppm.
RESULTS AND DISCUSSION
The XRD patterns (Fig. 3a) show that all peaks are consistent with SnO 2 . All diffraction peaks in Fig. 3b can be readily indexed to the pure phase of Sn with a tetragonal structure. No SnO or SnO 2 phase exists because of the relatively stronger reducibility of humics compared to other carbon sources [2, 7] . The SEM and TEM images of Sn/C composite in Fig. 4 demonstrate that the Sn/C particles are irregular and that the weight ratio of tin to carbon of the sample is approximately 79:21. Several other peaks can be observed in EDS. The highest peak is ascribed to the Si element, which is derived from silicon substrate. The elemental maps demonstrate the equal distribution of two elements. Sn is encapsulated with amorphous carbon completely, and the diameter of Sn core is about 200 nm. The morphology of carbon particles presents no definite shape and appears in laminated slices, which can provide additional reserved space for the volume expansion of SnO 2 . Several fine particles of Sn are embedded in the carbon body. The coated carbon layer prohibits the volume expansion of tin [19] . Auxiliary experiments have proved that the carbon content in this study is appropriate.
Electrochemical performance of Sn/C composites is shown in Fig. 5 . The cyclic voltammetry (CV) curves of Sn/C composites (Fig. 5a) show several irreversible reduction peaks in the first discharge, which are mainly derived from the decomposition of electrolyte and the formation of solid electrode interface on the surface of Sn/C particles [9] . The irreversible peaks are almost not observed in the following two cycles [9, 17] . The curves are almost in the same shape for the second and third cycles, meaning that excellent electrode charge and discharge processes. Xu et al. [9] obtained similar results. For initial cycling, the Sn/C electrode exhibits a discharge and charge capacities of 1215 and 556 mAh·g −1 respectively, with a coulombic efficiency of 45.5% (Fig. 5b) . Reversible capacity remains at 387 mAh g −1 after 50 cycles. The comparison of cycle performance of Sn/C with Sn/C-s (C from sucrose) and precursor SnO 2 is shown in Fig. 5b . Sn/C shows better performance than SnO 2 and Sn/C-s. For SnO 2 , irreversible reaction of SnO 2 to Sn and volume expansion occur [4, 11] . The specific capacity of Sn/C is higher than that of Sn/C-s owing to the sheet structure of carbon from humics. In addition, several trace elements are doped in carbon carbonized by humics, thereby improving conductivity and electrochemical performance. Table 1 shows the comparison of this work with other literatures. Compared with the widely used carbon source of graphite and acetylene black [20] [21] , carbon from humics can be more uniformly distributed around the Sn component. Hence, superior electrochemical performance can be obtained given the improved buffering effect. Under an approximately experimental condition, Sn/C obtained from the carbon source of the phenolic resin exhibited a specific capacity of ~250 mAhg −1 at a current density of 25 mAg −1 [22] . The structure of Sn nanoparticles uniformly embedded in carbon obtained from the organometallic tin precursor with other organic carbon sources can exhibit a stable cycle performance [23, 24] . However, the price for producing these materials may be too high for applications. The rate performance of Sn/C are displayed in Fig. 5c . The Sn/C electrode capacity continued to decreasing, and coulombic efficiency remained increasing during the first 10 cycles at 0.1 C. Thereafter, the specific capacity tended to be stable at different rate levels. The specific capacity returns to 400 mAh·g −1 when current density is at a rate of 0.1 C. After 3 cycling times, EIS (Fig. 5d) was tested at 0.4 V when the battery was charged to 0.4 V of 4 th cycle to obtain an identical status. The high-frequency semicircle reflects the resistances of surface film (R p1 ), and medium-frequency semicircle reflects charge-transfer (R p2 ) [25] . The equivalent circuit mode plot can be found in Fig. 5d . The curves were fitted by ZView software, and the parameters obtained from fitting are listed in Table  2 . As seen in Table 1 
CONCLUSIONS
We obtained a Sn/C anode material through a simple solid-phase reduction strategy with humics as carbon precursor. Sn was coated by carbon successfully, and the distribution of Sn and C was generally uniform. The electrochemical performance of Sn/C anode was considerably enhanced. The cycle performance, rate capability, and charge-transfer kinetics of Sn/C from humics are superior to those of Sn/C-s from sucrose. Reversible capacity is maintained at 387 mAh·g −1 after 50 cycle times. By using humics as carbon precursor, Sn/C composite exhibits considerable potential as an anode material for LIBs.
